We used PCR to obtain phylogenetically informative sequences from the high molecular weight glutenin genes of wheat. The validity of partial sequence comparisons as a means of studying glutenin phylogenetics was established by constructing neighbour-joining trees from partial alignments of 12 published glutenin allele sequences. PCR was then used to obtain 20 novel glutenin allele sequences from various Triticum and Aegilops species, including a 3000 year old preserved wheat. A neighbour-joining tree derived from all known glutenin allele sequences had eight clades, representing the eight loci from which the allele sequences were derived, and was split into two halves, one comprising alleles from the Glu-1-1 loci and the other comprising Glu-1-2 alleles. The topology was compatible with the postulated relationships between the A, B, D, and G genomes. The Glu gene duplication event was tentatively dated at 7.2-10.0 million years ago (MYA), the origin of the four genomes at 5.0-6.9 MYA, and the split between the B and G genomes at 2.5-3.5 MYA. The Glu-B1-1 alleles in cultivated wheats fell into two subgroups that diverged 1.4-2.0 MYA, suggesting that emmer was domesticated twice. The D allele sequences were relatively diverse, indicating that the hybridization event that resulted in the hexaploid bread wheats might have occurred more than once.
The high molecular weight (HMW) glutenins of wheat are members of a complex group of seed storage proteins called prolamins. There are two subfamilies of HMW glutenin subunits (x-and y-type) which are thought to have arisen from a gene duplication event that predated the divergence of the A, B, D, and G genomes of cultivated wheats. Single copies of the x-and y-type genes occur at two tightly linked loci, Glu-1-1 and Glu-1-2 (Thompson et al. 1983; Harberd et al. 1986 ) on homoeologous chromosome 1 (Payne et al. 1982) . Each locus is multiallelic (Payne and Lawrence 1983) with the combination of alleles contributing to the breadmaking quality of the wheat (e.g., Dong et al. 1991) .
Protein studies have shown that HMW glutenins are highly polymorphic in wild wheats (Ciaffi et al. 1993 ) and also display significant variation in modern cultivars (Shewry et al. 1995) . The latter point is important as the majority of genetic loci in modern cultivars show little variation, a reflection of the short evolutionary history of domesticated wheat (Bell 1987) coupled with the impact of genetic erosion during the last century (Hawkes 1991) . The HMW glutenin loci may therefore be useful in studies of the evolution of both wild and cultivated wheats. For example, sequence comparisons between alleles associated with the different wheat genomes (A, B, D, and G) might provide information relevant to the origin and divergence times of the chromosome sets and indicate the extent to which homogenization between different loci has occurred in polyploid wheats. Glutenin alleles might also be used to make phylogenetic comparisons between different populations of wheats, for example in biogeographical studies such as those addressing the influence of environmental factors on wild wheat genotypes (e.g., Ciaffi et al. 1993) , or in studies aimed at determining the number and geographical location of the original domestication event(s).
To use the HMW glutenin loci in wheat evolutionary studies, a convenient means of obtaining phylogenetically informative nucleotide sequences from the Glu-1-1 and Glu-1-2 loci is first necessary. We have previously used PCRs to obtain sequences from the regions immediately upstream of the glutenin open reading frames (ORFs), in order to study the short fragments of 'ancient' DNA present in some preserved wheats (Allaby et al. 1994 (Allaby et al. , 1997 Brown et al. 1998) . A similar strategy has also been used to test for the presence of specified alleles in modern cultivars (e.g., D'Ovidio and Anderson 1994; . In this paper we describe the use of this approach to obtain HMW glutenin sequences from a number of Triticum and Aegilops varieties, both modern accessions and preserved archaeological remains, and show that the data can be used to make inferences about wheat evolution.
Plant material
Triticum dicoccum tragi, T. monococcum, T. timopheevi, T. urartu, and Aegilops squarrosa (nomenclature of Miller 1987) were provided as seeds by the John Innes Centre, Norwich, U.K. T. aestivum var. Galahad was provided as DNA by Dr. M. Hamer (University of Manchester, U.K.). A 3000 year old archaeological wheat (probably a mixture of T. dicoccum and T. spelta) from Assiros, Greece, excavated by K.A. Wardle (University of Birmingham, U.K.; Jones et al. 1986) , was obtained as charred grains from Dr. G. Jones (University of Sheffield, U.K.). Authentication of the presence of ancient DNA in the charred grain is described elsewhere (Allaby et al. 1997) .
PCR amplification and sequencing
Nucleic acid extracts were prepared from 500-mg samples as previously described (O'Donoghue et al. 1996) . Extracts of the charred seeds were further purified by electroelution at 6.66 V/cm for 1 h after fractionation in a 1.3% agarose gel (Towner 1991) , followed by incubation at 37°C for 2 h with 0.01 vol of 10 mg/mL (Dnase-free) RNase A and reprecipitation with ethanol. PCRs, using the "hot-start" strategy (Erlich et al. 1991 ), were carried out in 100-µL reaction mixes containing 10 µL extracted nucleic acid (approximately 10 ng for modern samples), 10 µL buffer (Boehringer-Mannheim), 50 µM each dNTP, 200 ng each primer and 2.5 units Taq DNA polymerase (Boehringer-Mannheim), using primers (see Fig. 2 ) either with or without 5′ extensions (5′-CTCTGGATCC-) containing a restriction site for cloning purposes. Cycle parameters were 2.5 min at 94°C; 30 cycles of 2 min at 60°C, 1 min at 74°C, 1 min at 94°C; 2 min at 60°C; and 9 min at 74°C. The precautions taken to minimize the risk of contaminating ancient material with modern plant DNA are described in O' Donoghue et al. (1996) . PCR products (25-µL aliquots) were fractionated in 3% (w/v) NuSieve or MetaPhor agarose gels (FMC BioProducts) and cloned and sequenced as described in O' Donoghue et al. (1996) .
Sequence analysis
Sequences were aligned using CLUSTAL W (Thompson et al. 1994) . Pairwise distances were calculated using the Kimura 2 parameter model with a transition/transversion ratio of 2.0. The ratio in the actual alignment was 2.6, but as this was an estimate based on limited data, and not very different from 2.0, we decided to use the standard ratio in our calculations. Principal coordinate analysis was carried out according to Higgins (1992) . Neighbour-joining trees were constructed and bootstrapped using CLUSTAL W and topologies verified by the maximum likelihood method using the DNAML programme of PHYLIP 3.57 (Felsenstein 1989) . Sites of homoplasy were identified using a compatibility analysis approach (Estabrook 1978) with DNACOMP of PHYLIP 3.57.
Validity of phylogenetic analysis based on partial glutenin nucleotide sequences
Our initial objective was to devise a means of obtaining phylogenetically informative nucleotide sequences from HMW glutenin alleles. If possible, we hoped to base our studies on partial nucleotide sequences of 200-300 bp which could be acquired relatively rapidly by PCR, rather than dealing with the complications involved in sequencing complete ORFs of 1.8-3.0 kb in length. By using short sequences we could also include archaeological specimens in our study, as the fragmentary nature of ancient DNA means that it is not possible to obtain sequences of > 300 bp from preserved material (Allaby et al. 1997 ). In addition, we were doubtful about the veracity of phylogenetic analysis based on complete glutenin sequences, as 75-80% of each ORF comprises a central repetitive domain (Flavell et al. 1989) which is not amenable to multiple alignment.
The complete sequences of 12 glutenin alleles have so far been reported (Table 1A) . To test the validity of partial sequence comparisons as a means of studying glutenin phylogenetics, we first made a multiple alignment of these 12 sequences using CLUSTAL, with modifications made by eye in an attempt to improve the alignment within the repetitive domain. This master alignment was then divided into 16 partial alignments (Fig. 1A) , 161-548 bp in length, the longer segments being those in which the effective amount of sequence information was diluted by gaps or deletions in the multiple alignment. Finally, a neighbour-joining tree was constructed for each partial alignment. Ten of the partial alignments (segments 1, 2, 3, 4, 5, 6, 9, 10, 15, and 16) , as well as the complete alignment (segments 1-16 combined), agreed with the tree topology shown in Fig. 1B . The trees for segments 7 and 8 placed Glu-B1-2b within the Glu-D1-2 clade, but when these two segments were combined the single tree that was obtained had the topology shown in Fig 1B. Segments 11-14, when analysed individually, gave conflicting trees with low bootstrap values, but when combined produced a much stronger tree, similar to that shown in Fig. 1B , but with the Glu-B1-1 clade shifted to a position adjacent to . This may indicate that some homogenization has occurred between the Glu-B1-1 and Glu-B1-2 loci, but as the relevant region is within the repetitive domain (which has evolved by repeat unit shuffling as well as point mutation) it is perhaps more likely that the altered tree topology is due to incorrect alignment.
Regardless of the explanation for the altered topology seen with the alignment of segments 11-14, the fact that the majority of the partial alignments gave the same tree as the complete alignment showed that comparison of these partial glutenin sequences is a valid means of studying the phylogenetics of the glutenin loci. We therefore directed our subsequent PCR and sequencing experiments at segment 1, this upstream region being chosen because the internal repetition of the glutenin open reading frames makes it difficult © 1999 NRC Canada 
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The allele names adopted for the new sequences reported in this paper (Parts B and C of this Table) are given Greek designators (α, β, γ, etc.) to indicate that these are partial allele sequences, in contrast to the previously-published allele sequences (Part A, designators a, b, c, etc.) which are full-length. Table 1 . HMW glutenin alleles studied in this paper. Sequences described as "This study" have been deposited in GenBank (Accession nos. X98583-X98592, X98711-X98715, and Y12401-Y12410).
to design primers that will anneal to unique sites within the coding region.
Acquisition of partial glutenin sequences from modern accessions
Total DNA was obtained from Triticum dicoccum tragi, T. aestivum var. Galahad, T. monococcum, T. timopheevi, T. urartu, and Aegilops squarrosa. For each DNA sample a PCR was carried out, the products cloned, and sequences obtained for 20-30 clones. As illustrated in Fig. 2 for T. aestivum var. Galahad, the sequences from a single accession fell into discrete groups when aligned, most sequences in a group being identical but some having minor variations which were attributed to errors introduced by the Taq polymerase during amplification. It was inferred that each group of sequences represented a single allele. The partial allele sequences obtained in this study from modern wheats and from Aegilops squarrosa are listed in Table 1B .
Acquisition of partial glutenin sequences from 3000 year old archaeological wheat samples
We have previously shown that the PCR primers used in this study can be used to amplify ancient DNA from the charred remains of a 2000 year old spelt wheat (Allaby et al. 1994 (Allaby et al. , 1997 . To determine if the phylogenetic analysis of glutenin loci can be extended to archaeological wheats, we amplified DNA from a second charred wheat, a 3000 year old sample of mixed grain from Assiros, Greece (Jones et al. 1986 ). Nineteen clones were sequenced, but these sequences did not fall into groups as seen with the modern specimens. In fact, the 19 sequences were all different. Although archaeological wheats are probably not genetically homogeneous, it seemed unlikely that the sample of approximately 20 charred grains used to prepare the DNA extract would contain 19 or more different glutenin alleles. Furthermore, the 19 sequences did not fall into discrete clusters when examined by principal coordinate analysis (Fig. 3) , unlike the sequences of the modern alleles (previously published and determined in this project) which did form clusters because of sequence relationships displayed by the alleles affiliated with a single locus. This observation suggested that the sequences obtained from the charred grains did not represent genuine glutenin alleles. One possibility is that these sequences were chimera that arose by PCR jumping (Pääbo et al. 1990; Goloubinoff et al. 1993) , an amplification artefact expected with ancient DNA preparations in which the preserved molecules are highly fragmented (e.g., Pääbo 1989; Rollo et al. 1991; Handt et al. 1994) . The multiple alignment of the charred wheat sequences showed that segments were indeed shared as would be expected if PCR jumping had occurred. To reconstruct the original allele sequences from which the chimera had been derived, we devised a method similar to that described by Eickbush and Burke (1985) . First, the multiple alignment of the chimeric sequences was examined by eye and each nucleotide position identified as "non-informative" or "informative," a non-informative position being one at which the same base occurred in each sequence, and an informative position being one at which at least two of the sequences were different. From the identities of the bases at the informative positions within each of the chimera, it was possible to break each sequence into a series of segments (Fig. 4) and to allocate each segment to one of five groups. This rearrangement could be done in such a way that the segments within any one group formed an overlapping full length sequence, the overlapping regions between segments taken from different chimera displaying no nucleotide differences except for a few anomalies (marked in Fig. 4 ) that were ascribed to PCR artefacts. The five resulting reconstructed sequences were inferred to be the partial sequences of five alleles present in the charred wheat sample (Table 1C ; sequences shown in Fig. 5 ). These allele sequences clustered with modern sequences in a principal coordinate analysis suggesting that the reconstructions had been carried out correctly. The reconstruction methodology was further supported by a paper exercise in which the partial allele sequences from T. dicoccum tragi were randomly fragmented, assembled into chimera by simulated PCR jumping, and then successfully reconstructed.
These results extend our previous observation that glutenin loci can be amplified from at least some charred archaeological wheats (Allaby et al. 1994 ) and indicate that meaningful genetic analysis of ancient specimens might be possible. Table 1A for the sources of the allele sequences.
Phylogenetic analysis of partial glutenin sequences
The 42 partial glutenin sequences listed in Table 1 are aligned in Fig. 5 . Compatibility analysis showed that there were 12 instances of incompatibility (boxed in Fig. 5 ) to the resulting neighbour-joining tree (Fig. 6) . The distribution and nature of these incompatible sites gave no indication of major gene conversion events and were therefore treated as instances of homoplasy with the lineages assumed to be independent. The topologies obtained by the neighbour-joining and maximum likelihood methods were in agreement.
In the neighbour-joining tree (Fig. 6 ), eight clades were clearly formed representing the eight loci from which the allele sequences were derived. The tree divided into two halves, comprising the Glu-1-1 orthologs at the top and the Glu-1-2 orthologs at the bottom, rooted at the presumed gene duplication event. This topology suggests that the two lineages have evolved independently since the duplication. The branching order of the Glu-1-2 alleles was only weakly supported by bootstrapping, possibly a result of the homoplasy between the Glu-1-1 and Glu-1-2 lineages, but was equivalent to the branching order obtained from the analysis of the 16 partial segments of the glutenin genes (Fig. 1B) and we therefore have confidence in it.
Mean pairwise differences between the clades are shown in Table 2 . The two loci displaying the highest mean pairwise difference were Glu-A1-1 and Glu-A1-2. The latter locus is not expressed in hexaploid wheats, presumably due to the presence of an internal stop codon (Forde et al. 1985) and hence is a pseudogene in these plants. Pseudogenes are under no functional constraint and are expected to change relatively rapidly (Li and Graur 1991) but in fact the branch lengths of the Glu-A1-2 lineage relative to the central root of the tree where the gene duplication is presumed to have taken place are shorter than those of the Glu-A1-1 lineage, implying a slightly higher fixation rate of mutations in Glu-A1-1 compared to Glu-A1-2. Possibly this discrepancy is related in some way to the striking conservation of the Glu-A1-1 lineage in the cultivated AABB tetraploids (T. dicoc- Fig. 3 . Principal coordinate plots of sequence data from (A) the amplified regions of modern allele sequences (published and determined in this project), and (B) the PCR product sequences obtained from the 3000 year old charred wheat. Principal coordinate analysis is a multivariate distance analysis representing high dimensional data in three dimensional space (Higgins 1992) . Alleles associated with a particular locus cluster closely in space, as can be seen in (A). The chimeric nature of the sequences obtained from the archaeological grain (B) is evident from the lack of ordered clustering.
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Fig. 2. Sequences of cloned PCR products obtained from T. aestivum var.
Galahad. The amplified region is 241-243 bp and is located immediately upstream of the glutenin ORF (the last nucleotide of the downstream primer is 39-40 bp upstream of the initiation codon). The Glu-D1-2b allele is used as the reference sequence. G1 to G30 are the sequences of the PCR products, shown as discrete groups of highly similar sequences; each group is believed to represent a single allele. The locus to which each allele group belongs is indicated. Dots indicate identity with the Glu-D1-2b allele, dashes indicate deletion/insertion points. The primer annealing sites are underlined. Only five allele groups are seen as no sequence corresponding to a Glu-D1-2 allele was obtained. This may have been simply due to chance, or might indicate that the sequence of the Glu-D1-2 allele in this cultivar has an alteration in one or both of the primer annealing sites, preventing amplification. Fig. 4 . Sequences of cloned PCR products (A1-A19) obtained from the 3000 year old charred wheat. The deduced segmental structure of each sequence is shown, the numbers indicating the group affiliation of each segment. For the method used to deduce the segment affiliations, see the text and also Eickbush and Burke (1985) . The boxed nucleotides are anomalous sites that are ascribed to PCR artefacts. Some small regions (e.g., at the 5′-end of sequence A5) could not be assigned to a single group because of limitations in the distribution of the informative sites used in the analysis. The complete sequences of the five alleles reconstructed from this multiple alignment are given in Fig. 5 : allele 1 is Glu- 2, 3, 4, 5, . cum tragi and T. turgidum) and AABBDD hexaploids (T. aestivum varieties Asarce, Cheyenne, Galahad, and Hope). There are no nucleotide differences in this subgroup, and an identical sequence was also obtained from the 3000 year old archaeological assemblage. If the prevalence of this allele in cultivated wheats indicates that it has been subject to artificial selection pressure then this pressure is presumably not still acting, as the locus is not expressed in all modern bread wheats. It is active in Cheyenne (Harberd et al. 1986 ), produces a truncated protein in Asarce (Xin et al. 1992) , and is not expressed at all in Chinese Spring (Thompson et al. 1983 ).
Compatibility of the phylogenetic tree with the origins of the wheat genomes Support for the veracity of the glutenin phylogenetic tree is provided by the compatibility between its topology and the postulated origins of the A, B, D, and G wheat genomes. For example, the positions in the Glu-A1-1 and Glu-A1-2 clades of the T. urartu and T. monococcum sequences, with T. urartu adjacent to the AABB and AABBDD sequences and T. monococcum relatively distant, is in agreement with the identification of T. urartu rather than T. monococcum as the A genome donor for these tetraploid and hexaploid wheats (Dvorák et al. 1993) . Similarly, the relative positioning of the Glu-A1-1 sequences from T. urartu, T. monococcum, and T. timopheevi is consistent with T. monococcum being the A genome donor for the AAGG tetraploid T. timopheevi (Dvorák et al. 1993) : the presence of a G at position 128 in the Glu-A1-1( and Glu-A1-1* sequences, but A at this position in Glu-A1-1., is particularly suggestive in this respect.
The B and G genomes were both donated by members of the Sitopsis section of the Aegilops genus. A. speltoides is generally accepted as the G genome donor (Gill and Appels 1988) , but the origin of B is less clear, this genome having traits in common with both A. speltoides and other members of the Sitopsis section (Gill and Chen 1987; Miller 1987; Daud and Gustafson 1996) . The positioning within the glutenin tree of the G alleles from T. timopheevi in outgroup positions relative to the Glu-B1-1 and Glu-B1-2 clades reflects this interpretation of the B and G genomes as being closely related, but distinct. The D genome of AABBDD hexaploids was donated by A. squarrosa (Miller 1987) , and as expected the Glu-D1-1 and Glu-D1-2 sequences from this grass display close similarity with the D genome sequences from hexaploids.
Inferences regarding the evolution of the HMW glutenin loci
The topology of the glutenin tree allows inferences to be made about the time of duplication of the Glu-1-1 and Glu-1-2 loci and the divergence times of the A, B, D, and G Genome Vol. 42, 1999 Fig. 6 . Neighbour-joining tree constructed from the multiple alignment shown in Fig 5. The bootstrap values that are shown were obtained by constructing 1000 replicate trees. In the absence of a suitable outgroup, the two paralogous groups in the tree are used as outgroups for one another (e.g., Iwabe et al. 1989). genomes. We used a relative rate test (Li 1997) to examine the variance of evolutionary rate between gene lineages (Table 3 ). This test showed that overall there was no significant variance between lineages with the exception of Glu-A1-1. On the basis of this, we concluded that it was valid to use the average genetic distances between clades for approximate dating purposes. In attempting this analysis we would ideally have used a substitution rate specific for the 5′-flanking regions of plant nuclear genes, but unfortunately such a figure has not been reported. As a best alternative we have used the rate of 5.1-7.1 × 10 -9 substitutions/site/year calculated by Wolfe et al. (1989) for synonymous substitutions in the coding regions of plant nuclear genes. It has been suggested that a synonymous substitution rate is likely to be slightly higher than the substitution rate for 5′-flanking regions (Li and Graur 1991) , so the divergence times that we derive from the glutenin tree should be treated as low estimates.
Two divergence times can be calculated from components of the glutenin tree that display a reasonable degree of robustness. The first of these is the time of the gene duplication event. The average of the mean pairwise differences for all combinations of Glu-1-1 and Glu-1-2 clades (Table 2) is 0.1025, implying a gene duplication date of 7.2-10.0 million years ago (MYA).
The second "robust" calculation concerns the time of origin of the A, B, D, and G genomes. The average of the mean pairwise differences for all combinations of Glu-1-1 clades (Glu-A1-1/Glu-B1-1, Glu-A1-1/Glu-B1-1, etc) is 0.0703 giving a date for the origin of the four genomes of 5.0-6.9 MYA. In the Glu-1-2 lineage there is some doubt about the positioning of the Glu-B1-2/Glu-G1-2 clades relative to the origin, so the estimate can be based only on the mean pairwise difference between the Glu-A1-2 and Glu-D1-2 clades, which at 0.0657 gives a date of 4.6-6.4 MYA, in good agreement with the figure calculated from Glu-1-1.
Other calculations of divergence times are less reliable without the corrective effect of averaging the rates of lineages. However, the Glu-1-1 and Glu-1-2 lineages agree on the split of the B and G genomes (2.5-3.5 MYA). Sasanuma et al. (1996) used RFLP analysis to divide the Aegilops genus into two sections, one containing A. speltoides (the donor of the wheat G genome) and the other containing A. searsii, A. longissima, A. sharonensis, and A. bicornis (one of which might be the B genome donor). They dated the divergence time for these two sections at 1.4-8.4 MYA, but the upper limit that they used for the substitution rate (3.0 × 10 -8 substitutions/site/year) was derived from the split between spinach and Silene which, being based on suspect paleontological data, may be too high (Wolfe et al. 1989) . Recalibration of the RFLP data with the upper substitution rate used in this paper gives an adjusted figure of 6.0-8.4 MYA, which is less similar to the figure for the B/G split calculated from the glutenin tree.
Implications for the origin of cultivated wheats
An interesting feature of the glutenin tree is the apparent split of the Glu-B1-1 clade into two subgroups, one comprising allele sequences from the 3000 year old archaeological wheat (Glu-B1-1ζ) and T. dicoccum tragi (Glu-B1-1γ), the second including seven sequences (Glu-B1-1ε, Glu-B1-1α, . The bootstrap value for the branchpoint between these two subgroups is 913/1000, suggesting that the split is real. The estimated divergence time for these two subgroups is 1.4-2.0 MYA, an unexpected finding as all the wheats in the two subgroups are cultivated varieties and presumably trace their origins to the first domestication of wheat some 10 000 years ago. There are three possible explanations for this observation. The first is that emmer wheat, T. dicoccum (from which the hexaploids are derived), was domesticated twice, the two domestication events involving wild progenitors with different genotypes. This interpretation is contrary to current thinking in archaeobotany which states that domestication of each of the founder crops of Southwest Asian agriculture, with the possible exception of barley, was a unique event (Zohary 1996) . It is, however, generally accepted that with a few exceptions (notably einkorn, Heun et al. 1997 ) the existing evidence regarding the numbers of domestications is weak. The second possibility is that emmer was domesticated only once but that the original domesticates included plants with different Glu-B1-1 genotypes. This would require that the original cultivated emmers were taken from a wild population that included both Glu-B1-1 subgroups, and that representatives of both genotypes acquired mutations leading to modified seed dispersal (the underlying basis to domestication) during the period when the cultivated crop was becoming domesticated. Whether or not this scenario is possible depends on the harvesting techniques employed by the first farmers, which are not understood (Hillman and Davies 1990) . The third explanation is that emmer wheat was domesticated once, but subsequently acquired a second Glu-B1-1 subgroup by introgression from a wild emmer. The likelihood that this hypothesis is correct is reduced by the fact that emmer wheat is predominantly selfpollinating, and by archaeological and ecological considerations which suggest that significant introgression of wild genes into cultivated wheats did not occur (Flannery 1969) .
The glutenin tree also has interesting implications for the origins of the modern bread wheats. These AABBDD wheats are thought to have arisen by hybridization between T. dicoccum (AABB) and A. squarrosa (DD), the event presumably occurring since the beginning of wheat cultivation as the natural ranges of the two species do not overlap. This recent origin of the AABBDD wheats (not earlier than 9000 years ago) is reflected by the topology of the Glu-D1-1 clade, which is comprised of very similar sequences, but not by the topology within Glu-D1-2, which displays the greatest intracladal differences of all eight glutenin clades. It seems unlikely that the heterogeneity within Glu-D1-2 could have evolved in just 9000 years, suggesting that the hybridization leading to the AABBDD hexaploids might have occurred on multiple occasions. Interestingly, we have also observed that AABBDD hexaploids display a relatively high degree of heterogeneity in the rDNA loci on the B chromosome set (unpublished data).
We have shown that partial sequences of the HMW glutenin loci can be obtained by PCR followed by sequencing of cloned PCR products. This procedure is applicable not only to modern specimens but also to those archaeological specimens from which ancient DNA can be extracted. Although the amplified region is relatively short, it can provide phylogenetic data relating to the evolution of these loci and can also be used to make inferences about the origins and divergence times of the individual wheat genomes.
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